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CHAPTER 4

Outlook: Recent star formation in nuclear
starbursts

In this outlook chapter we carry out a pilot study on the mtwglof spectral energy dis-
tributions (SEDs) of unresolved starbursts in the LocaMerse. We apply our Bayesian
SED fitting tool to the MIR spectra of a small sample of stastaigalaxies, in order
to investigate dferences in their physical properties and recent star foomatstories
(SFHs). Our robust method finds significanffeiences in the recent SFHs of the studied
objects. For example, we find that in our small sample of targhe most massive, re-
cently formed clusters were born in regions with compaedyiless intense SFRs, where
the molecular gas is depleted. Moreover, we find that thesegpgar systems show the
largest contribution from very recent (1 Myr) massive star formation, which might be
indicative of positive feedback from the inferred massiltesters, at the end of a more
quiescent period of star formation in these systems. Ouot ptudy is encouraging, al-
though the small size of the sample does not yet allow for thefilation of general
trends. We thus propose a systematic study of a large sarhgtigrburst SEDs, using the
present method, to corroborate our findings.

1J.R. Martinez-Galarza, B. Groves, B. Brandl, in preparati
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4 Qutlook: recent star formation in nuclear starbursts

4.1 Introduction

A considerable number of nearby galaxies show increased Wt star formation per
unit of stellar mass, as compared to the Milky Way. Their bwdtric luminosities are
dominated by the UV radiation field of young massive starsnfmt within the last 10:
Myr, the product of a fast gas depletion process. Tistabursts(\Weedman et al. 1981)
are often related to galactic mergers, but their nature agdering mechanism has not
been fully established. Since massive star formation @dowegions heavily enshrouded
by dust, starburst have very high infrared luminosities, ghoduct of the processing of
stellar UV light by dust particles in the interstellar medi@ilSM). The incidence of these
star formation-powered, very luminous galaxies increas#ls cosmic distance and at
redshifts beyona ~ 1, the most luminous members of this class account for ma$ieof
cosmic star formation rate (SFR) density (Elbaz & Cesargl3B2. Furthermore, infrared
emission from dust accounts for about half of the bolomédmginosity of the Universe
(Dole et al. 2006). Thus, the study of the infrared propsrtiestarbursts, both near and
far, and its relation to their internal physics, is crucrattie understanding of massive star
formation throughout cosmic history.

Fitting the observed integrated SEDs of starbursts usiadiptions from theoretical
models is an elegant way to relate measured observables totétnal physics of these
systems. A systematic application of a reliable fitting no€ltko a selection of starburst
galaxies can provide clear answers to the questions of wiggets starbursts and how
they relate to the internal physics and local condition$ieflSM. This information is in-
strumental on the interpretations of distant systems fackvbnly unresolved information
is available. The MIR portion of the starburst SEDs is of jgatar relevance for several
reasons. First, for distant, obscured objects only dataidtimirared and far-infrared
wavelengths are available. Also, thieets of extinction are much less significant at in-
frared wavelengths and allow a more accurate determinafi@FRs, in contrast with
ultraviolet (UV) determination methods, which requireipgtion corrections of a factor
of ~ 10, as pointed out in Sargsyan & Weedman (2009). The samerauiave shown
that infrared discovered starbursts are not dustier thembststs discovered using other
wavelength regimes, thus minimizing selectidfeets.

SED fitting has another advantage over monochromatic SFghdsics: it does not
only quantify recent star formation in galaxies, but it atemstrains the plausible values
of other physical parameters involved in the process offetanation. While monochro-
matic, MIR diagnostics have been successful in measurm&HERs in galaxies (Calzetti
et al. 2005, Relafio et al. 2007, Alonso-Herrero et al. 280éke et al. 2009), they have
provided little insight into the reasons for the enhancadfsirmation in starbursts. How-
ever, SED fitting should be applied with care, because of thaynmdegeneracies that
arise both from observational errors and intrinsic intepehdencies of the model param-
eters. Also, a successful method should use as much inframmags possible from the
integrated SEDs, including the nebular line fluxes that mas&rimental in the determina-
tion of physical conditions such as ionization state of the gnd the ISM pressure. So
far, a statistically robust method for fitting the SEDs ofagaés, including both thermal
continuum and nebular lines, has been lacking.
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4.2 Sample of galaxies

In this outlook chapter we investigate the physics of stemftion in a small selection
of starburst galaxies from Brandl et al. (2006) (BO6 herxaftwith diferent morpholo-
gies and infrared luminosities. For this purpose we appéyfitting tool presented in
Chapter 2 to the MIR spectra of the nuclear regions of thetaxigs to obtain robust
constraints of the SFRs, compactness, ISM pressure, andrdrabcurrently ongoing
massive star formation in these galaxies, in a similar wayesdid for the NGC 604 star
forming region in Chapter 3. 1§4.2 we present the basic parameters of the selected galax-
ies and discuss their morphologies. We continue with a gagam of their mid-infrared
spectra and the results of the fitting proces§4rB3. In§4.4 we discuss our results and
show our main findings in terms of theffdirences in the recent SFHs of the starbursts in
the sample. We summarize our result§4n5.

4.2 Sample of galaxies

4.2.1 Selection criteria

The sample of starburst galaxies presented in BO6 includtés‘pure” starbursts as well
as objects with a weak contribution to the dust heating frativa galactic nuclei. They
also cover a broad range of metallicities, from sub-solaugara-solar metallicities. Ad-
ditionally, while most of them show evidence of mergers anedype of interaction with
near companions, at MIR wavelengths some of them appeargls siuclei, while others
clearly show the presence of more than one nucleus, and dherofappears as a circum-
nuclear star-forming ring. For the present study, we halected a sub-sample of this
group of starbursts, composed of five objects that complly b selection criteria(a)
the contribution from an AGN to the luminosity of the nuclésisonexistent or marginal,
and(b) their metallicities are close to the solar valuB@) < Z < 1.4Z;). The second
criterion helps us reduce the parameter space investigéatecur models and allows
us to focus on specific parameters such as compactness, &dupe, and amount of
embedded star formation.

The variations of MIR spectral properties with metalliditgve been studied by several
authors, both from observations and theory. For exampkesindy of the SINGS sample
of galaxies (Kennicutt et al. 2003), Draine et al. (2007)éhaweasured the PAH index
OraH (the percentage of dust mass contributed by PAHSs) as a imotetallicity, and
found a bi-modal distribution of thgpans values, withgean ~ 1% for galaxies 12+
l0g;4(0O/Hgad < 8.1, andgpan ~ 3.5% for galaxies 12- log,o(O/Hgad > 8.1. This
reflects in stronger PAH features in metal-rich galaxiesnirthe point of view of physical
modelling, we expect metallicity tofiect the MIR spectra of starbursts in several ways
(Groves et al. 2008). First, there is an intrinsic changédedtellar radiation field with
metallicity. Also, diferent metal abundances result in variations in the temyreraind
line emission from ionized regions, and of course, therdse a change in the grain
composition with metallicity, which results infiérent €fective dust temperatures and a
resulting change in the MIR and FIR thermal continuum.

By selection, none of the galaxies has an AGN contributiotihér internal energy.
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4 Qutlook: recent star formation in nuclear starbursts

Although B06 do not find a systematicfidirence between “pure” starbursts and galaxies
with a weak contribution from AGNs for most of their galaxie®me dfferences are
expected. The high energy photons and strong radiation ffigdéded to dust and gas
heating by an active nucleus prevent the formation of PAHemdkes or destroy them
rapidly, and hence these features tend to be weak in AGN daadrgalaxies. Also, the
spectral slope can be used as a discriminator between stegland AGN activity, as
first noticed using IRAS data (e.g. Wang 1992). In the follogvsubsections we briefly
describe some general properties of our sample galaxies.

4.2.2 Basic properties

In Table 4.1 we list the basic properties of the galaxiesistlidere. We want to emphasize
the fact that, even though they all have similar infraredihosities, they are dlierent in
many other aspects, such as their molecular gas contenfughdor star formation),
surface brightness, and galactic host morphology. Theglarelocated at a broad range
of distances, which directlyffects their surface brightness and also the fraction of tiaé to
flux that falls within theSpitzerIRS spectrometer slit in the BO6 study. This also means
that not in all cases the measured spectra corresponds toithear region only. For the
more distant objects, the larger structure of the host gdiidésc within the spectrometer
slit. The selected galaxies are shown in Fig. 4.1 as theyatenid-IR wavelengths

0.20 kpc 0.80 kpc 1.55 kpc

IC 342 NGC 1097 NGC 1222

(a) IC 342 (b) NGC 1097 (c) NGC 1222

455 1.85 kpc

NGC 4676 NGC 7714
(d) NGC 4676 (e) NGC 7714

Figure 4.1 IRAC &m images of our selected galaxies, with the IRS short-lotoster-
imposed for comparison.
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Table 4.1 Properties of sample galaxies.

Name @ o D2  log(Lr)? Z° Mot SFR'  log(M.)®
Mpc]  [Lo]  [Z]  [Mo]  [Moyr’] [Mg]
IC 342 34648.51 +680546.0 4.6 10.17 0.80 .ax 107 1.87 7.0
NGC 1097 24619.08 -301628.0 16.8 10.71 1.383x110° 5.0 9.0
NGC 1222 30856.74 -025718.5 32.3 10.60 1.07< 10° 6.8 5.1
NGC 4676 1246 10.10 +304355.0 94.0 10.88 1.17 .®x10° 15.8 ~7.0
NGC 7714 233614.10 +020918.6 38.2 10.72 117 <10 6.0 6.9

a Distances and IR luminosities taken from BO6.

b Metallicities are taken from Lebouteiller et al. (2011)cept for IC 342 and NGC 1097, whose metal-
licities have been taken from Crosthwaite et al. (2001),2arb et al. (2008), respectively.

¢ Molecular gas masses taken from Israel & Baas (2003), Geérh €1988), Chini et al. (1992), Yun &
Hibbard (2001) and Smith & Struck (2001), respectively.

d Star formation rates taken from the KINGFISH website, Hurhateal. (1987), Brandl et al. (2006),
Mineo (2011) and Gonzalez-Delgado et al. (1995).

€ Stellar masses taken from Schinnerer et al. (2008), Quéileth (1995),(Beck et al. 2007), de Grijs et al.
(2003), and Gonzalez Delgado et al. (1999).
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4 Qutlook: recent star formation in nuclear starbursts

4.2.3 Morphologies

Although they are all classified as nuclear starbursts, #iexges in our sample have a
variety of morphologies and luminosities. For most of thiagis, the morphology is due
to ongoing or recent mergers or galactic collisions. Thefstaning ring in the nucleus
of NGC 1097 is clearly resolved at8n while in the other galaxies the IR emission is
more compact. The scaling of the orders has been perfornoeddicgly, as described in
B06. Here we are interested in studying if there is a cleation between the nucleus
morphology, the measured spectra, and the underlying phg$istar formation.

4.2.4 Measurements from the literature
IC 342

The face-on late-type barred spiral IC 342 belongs to th&dii&roup of galaxies and
harbors a nuclear starburst powered by the infall of mobaagihs via the spiral bar. The
inner 400 pc of IC 342 have roughly the same infrared lumiyasid stellar mass as the
inner 400 pc of the Milky Way (Lebron et al. 2011). Early COdd€1] measurements
showed that the molecular gas is strongly concentrateckinticleus of this galaxy, with
surface gas densities 6f70 My, pc? (Israel & Baas 2003). These authors also report that
at least half of the molecular gas is associated with hotghdominated regions (PDR)
in the nuclear region. Negative feedback from the nucleabstst on the star formation
has been reported in Schinnerer et al. (2008), who claimtitieadficiency of gas inflow
towards the nucleus via the bar is reduced by fifiect of stellar winds and supernovae.
This is in agreement with the recent detection of depleteg dense gas near the sites of
recent star formation (Meier et al. 2011), which indicatdghlstar formation ficiency.
Using X-ray data, Mak et al. (2011) have recently detectggemwva remnant activity
near the nuclear starburst.

NGC 1097

NGC 1097 is a barred spiral galaxy with a weak active nuclBadl{ps et al. 1984). It has
been known for several decades now that there is a star+igrrmg-like structure with
a diameter o~ 1 kpc that surrounds the nuclear region. This ring is rich olenular
gas, and has a sub-structure of azimuthal, very compacipduhat are bright at infrared
wavelengths, with estimated masses of the order 6KMLO(Walsh et al. 1986). Models of
the star formation activity in the ring indicate that it idtee explained by an instantaneous
burst of star formation that occurred 6-7 Myr ago (Kotilaingt al. 2000). Recent star
formation has also been detected at very small distarc&8 pc) from the active nucleus
(Storchi-Bergmann et al. 2005), but evidence has been gthibat even in this very
central region star formation, rather than the central magis responsible for the dust
heating (Mason et al. 2007). More recently, Herschel olat&ms have shown that more
than 60% of the FIR thermal emission from dust in NGC 1097 cofmem the central
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4.2 Sample of galaxies

ring (Sandstrom et al. 2010), which has a total moleculasoés 1.3x 10°M,, (Gerin et
al. 1988). FIR cooling lines are indicative of ionized gassies between 150-400 ¢y
and a strong radiation field near the ring clumps (Beiraol.e2@10). Although such
star-forming rings are common to many galaxies, it is notcjear what the triggering
mechanism is for such structures.

NGC 1222

NGC 1222 is a spheroidal galaxy with a nuclear starburst @ISR is about 4 times that
of the host galaxy (Petrosian & Burenkov 1993). This objexs heen recognized as a
peculiar galaxy due to its bright MIR nebular emission liaesl spectral properties, that
resemble those of a dwarf metal-poor galaxy. In fact, NGCltzas the highest deduced
upper limit for the stellar mass in solar-metallicity gaks between 40 Mand 100 M,
(Beck et al. 2007). Another peculiarity has to do with its lo@ntent of molecular mass,
for which only upper limits have been detected (Elfhag et@96). Beck et al. (2007) also
speculate that the peculiarities of this galaxy are due toubl merger with two nearby
companions. The ionization state of the gas in the nuclesomes compatible with a
stellar population containing4.x 10° O stars, that are contained within a region of size
< 500 pc. The starburst is characterized by a high ISM gas tefisgn = 4.1 cnT3),
compared to other starbursts, as determined using FIR iemisses (Malhotra et al.
2001).

NGC 4676

This interacting pair of galaxies has been popularly know/ftlae Mice”, and it is clas-
sified as an early stage merger in the Toomre sequence (Td@#r@. Here we analyze
the spectrum of the northern galaxy (NGC 4676A), which cimstenost of the PAH and
CO emission in the system. In fact, NGC 4676A shows a pecudidation of the PAH
feature ratios, with a PAFy,m/PAH;113,m decreasing toward the nucleus, indicating a
deficit of ionized PAHSs in the center with respect to neutraHB (Haan et al. 2011).
This is even more surprising given the fact that no weak agtivcleus has been identi-
fied in the central region of this galaxy. Using NIR spectogsg Chien et al. (2007) find
evidence for a youngq{ 6 Myr) stellar population in the nucleus of this northernayai
which is indicative of a recent starburst. This is in agreetméth starburst-driven galac-
tic winds outflowing along the minor axis of the galaxy, ase&ed byChandraX-ray
observations (Read 2003). The nuclear region is charaetthy a compacR < 2 kpc)
molecular complex that contairs 20% of the total molecular mass, which is estimated
to beMpo ~ 5 x 10° M, and have a density &y, ~ 6 x 10°2 cm? in the central region
(Yun & Hibbard 2001).

NGC 7714

This peculiar spiral was the first galaxy to be designated starburst(\WWeedman et al.
1981), and has since become a prototype for these systerhas B nearby interacting
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4 Qutlook: recent star formation in nuclear starbursts

post-starburst companion (NGC 7715) with which it had aelaff-center encounter
between 100 and 200 Myr ago (Struck & Smith 2003). Its stamfdion activity is
heavily concentrated in the nucleus, though it also shoarsfetming regions across the
deformed galactic disk. The strong nuclear Eimission, bright PAH features and weak
silicate absorption features (Gonzalez-Delgado et a5 1B@andl et al. 2004) suggest that
the nuclear activity is powered by an unobscured starbuitBtastotal mass ot 10’ Mo,
while the weak [Fa] emission (Matsuoka et al. 2011) and strong star formattiggered
bipolar winds traced by X-ray observations (Taniguchi etl@i88) seem to rule out the
presence of an AGN in the nucleus of the galaxy. Like NGC 1##2 galaxy also shows
strong forbidden lines, compatible with a population~oR x 10* O stars (Smith et al.
1997). Modelling of the UV spectrum gives an age of 5 Myr foe thuclear starburst
(Gonzalez Delgado et al. 1999), but evidence for an oldpufaion (15-50 Myr) in the
same region has also been found (Lancon et al. 2001). Telmigtial. (1988) estimate a
total mass of ionized gas ofdx 10° M.

4.3 Results

4.3.1 MIR spectra of the selected galaxies

Fig. 4.2 shows the IRS spectra of our sample galaxies. A cehgmsive description
and analysis of the spectral features, including PAH emissiebular lines and thermal
continuum can be found in B06. Of relevance here is the fattrtht all the wavelength
range shown in the figure is covered by a single order (andeéhky@ single slit) of the
spectrometer, and hence a scaling factor is necessary thra orders together. As
discussed in the B06, the IRS short-low (SL) fluxes were scafeto match the IRS
long-low (LL) slit fluxes, which are measured with a larget @nly the small SL slit is
shown in Fig. 4.1). The motivation for this choice, in theeads the nuclear starbursts
discussed here, is that the mismatch is due to some nuclganifised by the SL slit, and
not to unrelated extended flux. Hence, scaling the SL fluxescapunts for this missing
nuclear flux, and the resulting spectra represent the ttegriated starburst flux. We will
discuss this further i§4.4

The selected galaxies sample a fair range of spectral shapmsmost remarkable
differences have to do with the relative strength of the PAH featwith respect to the
thermal continuum, the depth of the 9um silicate absorption feature and the intensity of
the nebular lines. NGC 4676 has by far the strongest PAH émissd also the deepest
silicate absorption, in contrast with NGC 7714, which hdatieely weak PAHs and very
little silicate absorption. These two objects only seenmefmresent the extremes between
a heavily obscured and an unobscured starburst, althowyhatte both the product of
an interaction and have a similar age (5-6 Myr). The ionaratf higher atomic states
in the gas, as traced by the strength of the filyl£5.5um and [Siv]10.5um nebular line
emission, is high in NGC 1222 and undetected in IC 342 and NG&7 1 The slope of
the dust thermal continuum, measured in BO6 usind-agm/Fsq.m ratio, is steeper for
NGC 4676, and decreases in the following order: NGC 7714, NGg2, IC 342 and
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4.3 Results

Figure 4.2 Mid-infrared spectra of our selected galaxieB.spectra are normalized to
the flux at 30um and shifted one decade in logarithmic flux for comparisohe main

spectral features are labelled.
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4 Qutlook: recent star formation in nuclear starbursts
4.3.2 Bayesian fitting of the spectra
General remarks

In order to investigate if there are fundamentafetiences in the physics of the inter-
stellar medium between the galaxies in our sample, we apfitie Bayesian fitting tool
described in Chapters 2 and 3 to the spectra shown in FigT4&tool provides a fit to
the spectra, and robust constraints for the physical paemen the models. We have
used the age-averaged version of the galactic SEDs, whathrees a constant SFH over
the last 10 Myr, as described$2.5.4 of this thesis. Our assumption of a constant star for-
mation history rather than an instantaneous burst of staxdtion is supported by several
facts. First, while the SFR of the systems studied here arérdiied by recent starbursts,
there is also evidence for an age spread in the systems, aawsesben ir§4.2. Rather
than one or a few instantaneous star formation bursts, ancants enhanced SFR over
the last million years seems a more physical explanatiothtbage spread. Second, since
the fixed size of the IRS slit translates intdfdrent physical scales at the distances of the
galaxies, we cannot guarantee that, although dominatigemission from the nuclear
region is the only component of the spectra. Finally, we lsaen in Chapter 2 that not
even a single Giant l Region such as 30 Doradus can be modelled assuming a single in
stantaneous burst, and hence a time-averaged approachseeenreasonable for distant
counterparts of 30 Doradus.

The physical parameters studied here are the SFR, the cemegad), the fraction
of the total luminosity emitted in PDR region§fg), the ISM ambient pressur®¢/k)
and the mass contribution of young, embedded objdgtg)( that accounts for very re-
cent star formation in the systems. Additionally, it is gbksto account for variations in
the extinction, which at MIR wavelengthfacts the depth of the 94fn silicate absorp-
tion feature. We have described these paramete$.8.3. Here we will only remind
the reader that in the age-averaged models used in the posmter, these parameters
represent the physical conditions in individuai ifegions within the starbursts, averaged
over the last 10 Myr. We have seen in Chapters 2 and 3 that ffeeaeneters are well
constrained, and their derived values and uncertainteesadoust. More importantly, we
have shown that their values are related to the evolutiostaigye of the hk regions, and
hence they provide information on the physics that regula¢estar formation in star-
bursts. By relating the derived parameters to the morplyodogl observables of these
systems, we will learn about the local conditions in indivatiHu regions and the overall
star formation characteristics of the starbursts.

Far-infrared photometry has been obtained for some of tiexigs in our sample
using the Photodetector Array Camera and SpectrometergP&Strument onboard the
Herschel Space Observatoyut it is unfortunately not yet publicly available. Never-
theless, as we have seeng§B.4.2, while theHerscheldata provides better constrains
to the parameters, the best-fit estimates obtained withamirémain unchanged when
far-infrared data are included.
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4.3 Results

Name logC frDR femb SFR logPo/k
Moyrt Kem™

IC342 6500 >080 09470 07477  >70

NGC 1097 50798 >090 02501 51897 575
NGC 1222 60792 >080 140701 46518  >50
NGC 4676 5092 >090 <020 212338 575
NGC 7714 €092 >075 17698 7.38282  >65

Table 4.2 Best fit values for the model parameters in the gaample. The uncertainties
as derived from the Probability Distribution Functions B)are indicated.

Best fit parameters and uncertainties

In Fig. 4.3 we show the best fit models after applying the Bayew®ol to the spectra
shown in Fig. 4.2, and in Table 4.2 we list the best fit paransetad their derived uncer-
tainties.

The uncertainties are obtained from the-Tcontours of the derived posterior proba-
bility distribution functions (PDFs), in the same fashiathey were derived in Chapters
2 and 3. The best fits shown in the figure emphasize the variatithe contributions
from different components to the integrated spectra of our sampgigal In particular,
the contribution from hot dust arising near the embeddedat®j modelled here as Ul-
tra Compact Hi Regions (dotted blue line in the figure) varies considerédolyn galaxy
to galaxy. The galaxy spectra are dominated by the PDR coergpaver the pure H
component, that contributes very little in all cases, altjfothe uncertainties are larger
for IC 342 and NGC 7714. The derived SFRs range from a Milky Walye for IC 342
up to 20 times the galactic value in NGC 4676, the northeraxgabf the Mice. For the
ISM thermal pressure we can only establish lower limitscaithe mid-IR spectrum is
not very sensitive to this parameter. Only the nebular liv@sstrainPq/k, which falls
near the high pressure end for most of our galaxies, thogetiv lowest limits being
NGC 1222 and NGC 7714.

An interesting fact is that galaxies with weak PAH emissguh as NGC 1222 and
NGC 7714 do not necessarily imply a small contribution frodRregions. In fact, as we
have noticed, all galactic spectra are dominated by a PRéetbmponent and the best fit
model givesfppr close to unity for all but one of the galaxies. An increaséhmlevel of
the MIR thermal continuum, for example by adding the embeddaenponent, can result
in a relatively weaker PAH emission. However, the derivedartainties do show that the
lower limits to the PAH contribution tend to be smaller fotayaes that show weak PAH
emission.

Another important dterence has to do with the depth of the Qi silicate absorption
feature, which is a measure of the extinction towards thesexges. As we have men-
tioned, this can be related to the inclination at which weeobs the galaxy, or simply to

95



4 Qutlook: recent star formation in nuclear starbursts
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4.4 Discussion

the total column density of dust between us and the sourcacdount for the variations
on the extinction we adjust the value of the dust column dgnsjus, to reproduce the
shape of the silicate absorption feature. For all galaxdesmlue ofpqust corresponding
to an optical extinction oA, = 1.0 gives a good fit to the silicate feature, except for
NGC 4676, for which a higher value of extinctioA( = 4.0) in needed to reproduce the
spectra.

Fig. 4.3 and Table 4.2 indicate that spectrdlatences in the MIR translate into vari-
ations in the physical conditions in starbursts of similatallicities. In B0O6, the authors
showed that in spite of the spectraffdrences, some average properties are common to
all starburst galaxies, and produced an average “temptdeturst spectrum. Here, we
adopt a diferent perspective. We quantify thdfdrences in the spatially unresolved spec-
tra of the nuclear regions and relate them to variationserdbal physical conditions of
the ISM. This will allow us to investigate what physical paeters have an impact on the
star formation activity of starbursts.

4.4 Discussion

Although the galaxies in our sample are all nuclear statbunsgth no significant contribu-
tions from AGNs, our results indicate that they have a breade of physical conditions.
Some of the observedfiierences may be related to geometri¢édets unresolved by the
spectrometer slit, such as orientation (mainly galaxyiiration) and size. However, it is
unlikely that the pronouncedfliérences seen in the MIR spectra of these galaxies is re-
lated to inclination &ects, because very high optical depths would be necessafietd

the MIR emission in these objects. In a theoretical studydmsdon et al. (2010), using
the same physical models on which our Bayesian tool is bakedauthors show that
the dfect of galactic inclination on the MIR SED is very small, witle only noticeable
effect being a change in the Qu silicate absorption feature for very inclined galaxies.
Moreover, we have also discussed§i.3 the fact that the spectra have been scaled to
match the flux of the entire region contained within the Llt.sBince the galaxies are
located at dierent distances, this region is not always restricted t@#iactic nucleus.
Nevertheless, we assume that in all our objects the obsepectrum is dominated by
the central starburst.

We are therefore confident that the measuréi@dinces in the spectral shapes of these
objects are related to the physics of the stars and the ISMerstarbursts, with only a
small dependence in geometry. In the following we interpretfindings in terms of the
relation between the observed trends in the best fit parasatel the overall character-
istics of the starbursts.

4.4.1 Star formation rates

In general our estimates for the SFRs agree with the litexatalues listed in Table 4.1.
The galaxies with the most intense star formation activitpir sample are NGC 4676
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4 Qutlook: recent star formation in nuclear starbursts

and NGC 1097. Although we derive a SFR of onl@ ™M, yr~! for the latter, it is worth
remembering that the IRS LL slit only covers a fraction of thipc star-forming ring,
and hence our estimation is only a lower limit. Assuming gami star formation az-
imuthaly distributed in the ring, the actual SFR for thisrktast might be two or three
times larger, and hence comparable to that of NGC 4676. Tiwesgalaxies have the
highest nuclear molecular gas masses in the sample, anthicéses the nuclear molec-
ular mass accounts for at least 20% of the total moleculaingidie host galaxies. In the
remaining galaxies the molecular masses are at least oee @frchagnitude lower, and
in the cases of NGC 1222 and NGC 4676 only upper limits hava Hetected.

Our estimate of the SFR is based on the integrated luminosthe best fit SED, and
as a pan-spectral diagnostic, it is more accurate thanataration diagnostics that use
a single feature (e.g., the PAH emission at /), to estimate the total luminosity. The
resulting SFRs, are correlated with the total molecularsaaseasured towards the nu-
clei. This agrees well with the star formation laws in whiblk SFR scales proportionally
to the molecular gas content (Kennicutt 1998), and doesawtdo depend much on the
geometry of the nucleus. By far, IC 342 is the starburst nugcleith the lowest SFR. The
amount of molecular gas in this galaxy has been estimated cOb< 10’ M, lower in
comparison with NGC 1097 and NGC 4676. However, it hosts & bancentration of
molecular gas in the central region (Israel & Baas 2003).4€i8 the only galaxy on the
sample that is not visiblyféected by interactions with nearby companions. Our result of
more intense starbursts in interacting systems would stippgcenario in which galactic
collisions are moreféicient than other mechanisms in bringing the starburst gese®|
together.

4.4.2 Pressure, compactness and their relation to mas-
sive clusters

We have discussed in previous chapters the relevance obthpartness paramet@rin
controlling the dust temperature iniHegions as a function of time, and its corresponding
impact on the SED. This arises from the fact that, as therégion evolves, the cluster
mass M) and the ISM external pressuiRg/k combine to set the temporal evolution of
the heating flux, as parametrized by the cluster luminosiigdd by the square of the id
region radiusl¢/Ry,2. From equation 2.1, we know that the compactness paranseter i
proportional to the product &f* Po/k%%. This implies that to keep compactness constant,
an increase in the cluster mass must be counteracted bye@adedn ISM pressure.

Our results in Table 4.2 point to an inverse correlation leefwthe measured com-
pactness and pressure for our sample galaxies. Those emlaith higher compactness
are also those with lower values Bf/k, and vice-versa. If this trend is confirmed in a
larger sample of objects, it would have implications in aterpretation of the compact-
ness. According to the definition of the compactness, to keleighC at their low ISM
thermal pressures, NGC 1222 and NGC 7714 should have a sartlfi higher average
cluster mass as compared to NGC 1097 and NGC 4676, which also dignificantly
higher SFRs over the last 10 Myr. Altogether, this indicdked, even if NGC 1222 and
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NGC 7714 are not forming the largest amounts of stars, thegphniie forming the most
massive star clusters. Interestingly, as discusséd.i, and shown in Fig. 4.2, these two
galaxies show strong nebular lines that indicate the presehparticularly massive stars.

Let us speculate in the context of the possible scenariakhéformation of massive
stars. If the presence of very massive stars in the stasbwistre we infer the largest
average cluster masses is confirmed, this would supportearago of competitive ac-
cretion, which requires massive stars to form in clustemdrenments. The reason is
that competitive accretion predicts an explicit relatia@ivibeen the mass of a cluster and
the most massive star in that clustemfy), with Mg o« mt3, (Bonnell et al. 2004). In
contrast, the core accretion model of star formation alltmvanassive stars to form in
relative isolation. Our method can thus be combined wittabé diagnostics of the pres-
ence of very massive stars in clusters to test proposed sofialassive star formation.
Because of the small sample size of this pilot study, howetes is a very speculative
statement, and further evidence is needed, part of whictbvearbtained by applying the
present method to a larger sample of starbursts.

4.4.3 Molecular gas content and feedback in starbursts

NGC 1222 and NGC 7714 are also peculiar in their low moleagdarcontent, with only
upper limits detected. IC 342 also has molecular gas massriters of magnitude below
NGC 1097 and NGC 4676. Their low molecular content is alssistent with the lower
upper limits that we have derived for their luminosity cdamition from PDR regions.
While this correlates well with their comparatively loweFiSs (in fact, IC 342 has the
lowest SFR in the sample), the reason for the depletion ofoutéir gas in these starbursts
is not clear. Negative feedback has been reported as a [@sailse for this depletion by
some authors in the particular case of IC 342 (Meier et al128thinnerer et al. 2008).
According to these authors, dense gas in IC 342 gets disparske presence of an ex-
panding Hui region, and the influence of the negative feedback procesbesuch that
it considerably diminishes the gas flow from the bar that §a¢bd star formation activity,
thus quenching further star formation. Negative feedbagknfthe massive clusters in-
ferred in NGC 1222 and NGC 7714 can explain their low gas atat@ot only from the
expansion of Hi regions, but also aided by the strong stellar winds from wmasgars,
and supernova activity.

However, a striking characteristic is that both NGC 1222 Bi@IC 7714 have the
largest inferred contribution from young embedded objesith fomp being at least 6
times larger for these systems than for NGC 1097 and NGC 4tattid 4.2). We have
described the interpretation for this parameteyarb.4. Briefly, it refers to the mass ratio
of embedded to non-embedded stars that are younger than 1fMy, = 0.0, embedded
objects no longer exist in the clusters, whereakif, = 1.0, half of the massive stars
formed over the last million year are still in a embeddedest@ur results indicate that
in NGC 1222 and NGC 7714, about 60% of the youradl(Myr) massive stars are still
in an embedded phase, while only 25% of the stars of similaraag still embedded in
NGC 1097, and even less in NGC 4676. For IC 342 the fractiobdsie50%.
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Does this apparent enhanced activity of recent massivéastaation in NGC 1222
and NGC 7714 contradict their low molecular mass content? riegessarily, for two
main reasons. First, the CO surveys on which the molecukdggermination is based
do not necessarily trace the very dense regions where mastsivs form, which have
column densities of the order of 4cm2. Second, the timescales for gas depletion in
the nuclear regions are longer than the adgiedince between the young embedded stars
and the massive main sequence stars formed over the last A OThrefore, even if gas
has been depleted over periods longer than 10 Myr, very tesemts of star formation
are possible (via triggering, for example) from the samenprdial molecular gas cloud
that formed the ionizing sources. Once again, this is anag@ethat requires a more
significant statistical sample of galaxies before any gfrmonclusions are drawn.

4.5 Summary and outlook

The MIR spectra of starbursts contain a wealth of infornratibout recent star forma-
tion activity in galaxies, in particular in those with nuatestarbursts. In the pilot study
presented in this chapter we have applied our Bayesian Stigfibol to the MIR spec-
tra of a small sample of galaxies whose star formation dgtigidominated by nuclear
starbursts. We have chosen a sample of objects with solalioities, in order to in-
vestigate metallicity-independentfidirences in their physical properties. Our Bayesian
method gives robust best fit values and uncertainties toltlgsigal parameters of these
starbursts.

Overall, starbursts share some common spectral featumemttiude PAH emission,
silicate absorption at 9,4m, strong thermal continuum and nebular forbidden linemfro
atomic species, as discussed in B06. Our results show esptjtd these general similar-
ities, significant diferences in the recent star formation histories of nucleabststs can
be derived from their MIR spectra, and related to their opraperties. Our exploratory
study points to a relation between the star formation rae gas content, and the pres-
ence of massive stars in these systems. While the SFRs ituitied starbursts correlate
well with the measured mass of molecular gas, the starbuittsthe highest SFRs in our
sample do not host the most massive derived star clustestealah, in our sample the most
massive clusters that formed during the last 10 Myr are frtarbarsts with less intense
SFRs, where the molecular gas is depleted, like NGC 1222 &1@ R714. This relation
requires further confirmation. Interestingly, we also findttthese gas-poor systems show
the largest contribution from very recert ( Myr) massive star formation. Further evi-
dence needs to be collected to investigate if feedback frenirtferred massive clusters
is responsible for the triggering of these new events offstanation.

We have shown in the preceding chapters the power of Bay&dnhfitting in the
interpretation of spectral observations at MIR and FIR vevgths. We have calibrated
our tool using the well known nearby massive star formatiegions 30 Doradus and
NGC 604, and then applied it to the spectra of a small sampdtaoburst galaxies. We
have shown the potential of the tool in the interpretatiotheke starburst spectra. Our re-
sults provide the first hints to interesting trends in theqitgl parameters of these systems
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and their relation to the condition of the ambient ISM. Thiesgs can be at the base of
our understanding of starbursts, but require further comafiion. The next step is to apply
the Bayesian tool to a larger sample of galaxies in orderdwige statistical significance
to these trends. A natural candidate sample is the Greatr@disries All-Sky LIRG
Survey (Armus et al. 2009,GOALS), which includes imaging apectroscopy data from
several space-based observatories, and is unique regdingifarge number of observa-
tions and their wavelength coverage. In particular, it adoreSpitzerIRS spectroscopy
of a sample of 202 galaxies including many Luminous Infraéadbaxies (LIRGs), many
of which also have availablderscheldata. A systematic study of these objects with our
method will provide some answers to the long-standing dgurestegarding the nature of
starbursts.
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